ARID4A and ARID4B are homologous members of the ARID (AT-rich interaction domain) gene family. ARID4A and ARID4B physically interact with each other. ARID4A is a retinoblastoma (RB)-binding protein. Biological function of these interactions is still unknown. Here, we report that mice with complete deficiency of Arid4a, combined with haploinsufficiency of Arid4b (Arid4a
Arid4b
+/− mice showed spermatogenic arrest at the stages of meiotic spermatocytes and postmeiotic haploid spermatids. Analysis of the integrity of the blood-testis barrier showed increased permeability of seminiferous tubules in the Arid4a
+/− testes. Interestingly, phenotypic Sertoli cell dysfunction in the Arid4a
+/− mice, including spermatogenic failures and the impaired blood-testis barrier, recapitulated the defects found in the Sertoli cell-specific androgen receptor (AR) knockout mice and the Sertoli cell-specific RB knockout mice. Investigation of the molecular mechanism identified several AR-and RB-responsive genes as downstream targets of ARID4A and ARID4B. Our results thus indicate that ARID4A and ARID4B function as transcriptional coactivators for AR and RB and play an integral part in the AR and RB regulatory pathways involved in the regulation of Sertoli cell function and male fertility. male reproductive function | androgen receptor coactivator M ale fertility is a complex process that involves growth and formation of male reproductive organs as well as initiation and maintenance of spermatogenesis. Spermatogenesis is a developmental process in which mature spermatozoa are generated within seminiferous tubules of testes (reviewed in ref. 1) . In addition to the germ cells, testes contain three somatic cell types including Sertoli cells, peritubular myoid cells, and Leydig cells. Sertoli cells are the epithelium of the seminiferous tubules and provide both physical and nutritional supports for the developing germ cells (2) . Between adjacent Sertoli cells, tight junctions are formed to create the blood-testis barrier, which segregates the developing germ cells into the immunologically privileged adluminal compartment and prevents passage of cytotoxic substances into the seminiferous tubules (2, 3) .
Androgen receptor (AR), a member of the steroid hormone receptor superfamily, mediates the androgen action and plays an important role in male fertility (4) . Global AR knockout male mice exhibited infertility with strict defects in male reproductive organs and severe disruption of germ cell development (5) . The cell-specific AR knockout mouse models further clarified the functions of AR in each specific type of testicular cells (6) . Sertoli cell-specific AR knockout affected the Sertoli cell functions of nourishing and supporting the developing germ cells, resulting in spermatogenesis arrest before first meiotic division and during the transition from round to elongated spermatids (7) (8) (9) . In addition, lack of AR in Sertoli cells causes impairment of the blood-testis barrier (10) . As expected, the Sertoli cellspecific AR conditional knockout male mice were infertile (7-9).
AR functions as a ligand-dependent transcription factor, and its transcriptional activity is known to require the interactions with various coregulators that act in a sequential and combinatorial manner to regulate expression of the AR-responsive genes. Retinoblastoma (RB) has been reported to interact with AR and functions as a coactivator to induce AR transcriptional activity (11) . The Sertoli cell-specific Rb conditional knockout mice displayed progressive infertility in males (12) . These infertile male mice exhibited Sertoli cell dysfunction, leading to loss of elongating spermatids and spermatozoa, as well as loss of the integrity of the blood-testis barrier (12) .
ARID4A/Arid4a and ARID4B/Arid4b are homologous members of the ARID (AT-rich interaction domain) gene family. Previously, ARID4A and ARID4B were known as RB-binding protein 1 (RBBP1, RBP1) (13) and RBBP1-like protein 1 (RBBP1L1) (14) , respectively. Biochemical analyses have suggested that ARID4A and ARID4B are members of the chromatin-remodeling complex and function as transcriptional repressors upon recruitment by RB (15, 16) . Recently, we generated the Arid4a and Arid4b knockout mouse models and demonstrated that ARID4A and ARID4B physically and functionally interact with each other (17, 18) . Studies of these mouse models provided in vivo evidence that Arid4a and Arid4b play a role in genomic imprinting and function as leukemia suppressor genes through regulation of epigenetic modifications (17, 18) .
Although ARID4A and ARID4B are part of the RB complex, the biological relationship of ARID4A and ARID4B to RB has not been defined. In this study, using the Arid4a and Arid4b knockout mouse model, we found that Arid4a and Arid4b play important roles in Sertoli cell function. Investigation of the transcriptional consequences after the Arid4a and Arid4b knockout identified their downstream targets overlapping the AR-and RB-responsive genes. We further demonstrated that ARID4A and ARID4B function as coactivators to enhance the AR and RB transcriptional activity. Our studies indicate that ARID4A and ARID4B not only physically interact with AR and RB, but also functionally link to the AR and RB pathways in regulation of male fertility. displayed age-related reduced fertility. We found that 29 of 32 (∼90%) Arid4a
+/− males were fertile at 2 mo of age. The fertility decreased from 3 mo of age onward, with less than 40% of the Arid4a
−/−

Arid4b
+/− males remaining fertile at 1 y of age (Fig.  1A) . These results showed that complete deficiency of Arid4a in combination with haploinsufficiency of Arid4b leads to progressive infertility in male mice, suggesting that Arid4a collaborates with Arid4b to regulate male fertility. Despite the progressive loss of fertility, no significant difference in the litter size between the fertile Arid4a −/−
+/− males and wild-type males was noted (Fig. 1B) . Mice homozygous for Arid4b deficiency die early in embryogenesis between embryonic day 3 (E3) and E7 (17) ; therefore, conventional knockout mice with all four alleles mutated (Arid4a
are not available for the fertility assay.
We next examined the male reproductive organs for any morphological defect that may account for reduced fertility. Of the 32 Arid4a
+/− males monitored from 2 mo of age, 3 mice were infertile for their entire lives (Fig. 1A) . These three infertile males showed reduced size of both testes compared with that of wild-type mice (Fig. 1C , the Arid4a
+/− mice 2, 3, and 6; wild-type mice 1 and 7). In addition, two of the three mice displayed bilateral absence of seminal vesicles (Fig. 1C , mice 2 and 6), and the third infertile male showed abnormal fusion of seminal vesicles (Fig. 1C, mouse 3 ). The majority of the Arid4a
male mice were fertile at a younger age but lost their fertility at an older age (from 3 to 12 mo of age) (Fig. 1A) . These mice showed decreased size of testes with or without fused or hypotrophic seminal vesicles (Fig. 1C, mice 5 and 8 ). We also found that one male showed unilateral agenesis of seminal vesicles (Fig. 1C,  mouse 9 ), but remained fertile up to 12 mo old.
Measurements of testes revealed reduced testicular weights in the Arid4a
+/− males compared with wild-type males at 2 and 10 mo of age ( Fig. 1 D, a) . Testes of the infertile Arid4a 
+/− mice ( Fig. 1 D, a) . The body weights of the Arid4a
+/− mice were also less than that of wild-type mice (17) (Fig. 1 D, b) . It should be noted that only the infertile Arid4a
+/− males, but not the fertile Arid4a −/− Arid4b +/− males, showed a significant decrease in the ratios of testicular weight vs. body weight at both 2 and 10 mo of age (Fig. 1 D, c) . On the other hand, both fertile and infertile Arid4a −/−
+/− males showed no significant difference in reduced body weight (Fig. 1 D, b) , suggesting that the fertility defects were not a result of reduced body weight. To define the function of Arid4a and Arid4b in male reproduction, it is necessary to identify their expression in testicular cells. In situ hybridization analysis was performed using probes encompassing Arid4a and Arid4b antisense RNA to detect the Arid4a and Arid4b transcripts, respectively, whereas probes containing sense RNA were used as negative controls. Our results showed that both Arid4a and Arid4b are expressed in testes ( Fig. 2A) . Specifically, microscopic analysis under higher magnification revealed that the majorities of the Arid4a and Arid4b transcripts were detected in Sertoli cells ( 
+/− and wild-type males at 2 mo of age showed spermatogenic cells with different stages of maturation ranging from spermatogonia spermatocyte, spermatid, and finally to spermatozoa in seminiferous tubules ( Fig. 3 A, a and b) . However, we also found that several seminiferous tubules underwent vacuolar degeneration in the fertile Arid4a
+/− mice at 2 mo of age ( Fig. 3 A, c and d). In the infertile Arid4a
+/− males at 5 mo of age, seminiferous tubules revealed decreased widths with many showing vacuolization and a complete loss of architecture ( Fig. 3 B, b) . Moreover, in the Arid4a
+/− males that became infertile at 10 mo of age, spermatogenesis was impaired as evidenced by an apparent differentiation arrest at the transition between early to late spermatocytes ( Fig. 3 C, a and b) . TUNEL assay further revealed that the seminiferous tubules from these infertile 10-mo-old Arid4a
mice contained an increased number of apoptotic cells compared with that from wild-type controls (Fig. 3 D, a and b) .
In adult testes, the process of spermatogenesis begins from a diploid spermatogonia (2N DNA content), which undergoes mitotic division to produce two diploid primary spermatocytes (2N DNA content). Each primary spermatocyte duplicates its chromosomes (4N DNA content), followed by two meiotic divisions, meiosis I and meiosis II. In meiosis I, primary spermatocytes divide into secondary spermatocytes (2N DNA content). In meiosis II, Fertile  Fertile  Infertile Infertile  Infertile  Fertile  until  9m old   Fertile  until  12m old   Fertile  until  8m secondary spermatocytes divide to produce haploid round spermatids (1N DNA content) (19) . To analyze sperm development in the Arid4a −/− Arid4b +/− mice, DNA contents of testicular cells from the infertile 10-mo-old male mutants were analyzed by flow cytometry with propidium iodide staining. We found that the percentage of primary spermatocytes (4N) in the Arid4a
+/− mice was not significantly different from that in wild-type mice (Fig. 3E) . However, the Arid4a
+/− testes revealed a marked increase of the 2N DNA peak concomitant with a decrease of the 1N peak (Fig. 3E) . These results suggest that germ cells are able to complete meiosis I to form diploid secondary spermatocytes (2N DNA content), but had delayed entry into meiosis II to become haploid round spermatids (1N DNA content). This result suggests a maturation defect at meiosis II stages of spermatogenesis in the infertile Arid4a
+/− males at 10 mo of age.
Round spermatids differentiate into elongated spermatids and undergo a series of morphological changes leading to the formation of mature spermatozoa, which then pass from testes into the epididymis (20) . Evaluation of epididymal lumens in wild-type mice at 2 mo of age displayed numerous fully mature spermatozoa (Fig. 4 A, a and b) , whereas the fertile Arid4a
+/− males showed the presence of round spermatids (Fig. 4 A, c and d) . These results revealed a partial maturation block at the spermatid stage with round spermatids sloughing off into the epididymal lumens, suggesting that Arid4a and Arid4b have effects on postmeiotic events for adhesion of round and elongated spermatids in testes. Moreover, the infertile Arid4a
+/− males at 10 mo of age revealed a significant decrease or a complete absence of germ cells in epididymal lumens (Fig. 4 B, c-f ) compared with wild-type controls (Fig. 4 B, a and b) . To further characterize the basis for infertility, spermatozoa were isolated from epididymis. Consistent with the histological findings, the spermatozoa number decreased dramatically in the infertile Arid4a
+/− males at 2 and 10 mo of age (Fig. 4C) .
To determine whether these effects were hormone related, we examined the levels of serum testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) in the Arid4a
+/− and wild-types males at 2 and 10 mo of ages. No significant differences were found between the fertile mutants, infertile mutants, and wild-type controls from either group of age (Fig. S1) .
Taken together, Arid4a and Arid4b are important for normal sperm development. Complete deficiency of Arid4a combined with partial deficiency of Arid4b leads to spermatogenic failure at the meiosis II and the postmeiotic spermatid stages, even though the hormonal levels are maintained. 
+/− mice, we evaluated the effects of the Arid4a and Arid4b mutations on gene expression in the testes. Microarray analysis was performed to examine genome-wide gene expression patterns using RNAs purified from testes of three infertile Arid4a
+/− mice and three wildtype mice at 10 mo of age. Compared with wild-type mice, 42 genes were down-regulated (Table S1 ) and 65 genes were upregulated (Table S2) 
+/− mice. It is of note that microarray analysis showed decreased expression of both Arid4a and Arid4b in the Arid4a −/− Arid4b +/− testes (Table S1) . Arid4a -/-Arid4b +/-, 2m, fertile WT, 2m
Arid4a -/-Arid4b +/-, 10m, infertile WT, 10m ARID4A and ARID4B are two RB-binding related proteins (13, 14) . RB is a known coregulator of AR (11) . Both AR and RB are indispensable for Sertoli cell function in supporting germ cell development (7) (8) (9) 12) . We hypothesized that ARID4A and ARID4B are involved in the AR and RB pathways to control spermatogenesis, and therefore spermatogenic failure in the Arid4a
+/− mice might be due, in part, to dysregulation of AR-responsive and/or Rb-responsive genes. To test this hypothesis, we compared our microarray data to the gene lists that contained putative AR-or RB-regulated genes identified by microarray gene expression analyses using the Sertoli cell-specific AR knockout mice (21) or the Sertoli cell-specific Rb knockout mice (12) . Interestingly, claudin 3 (Cldn3) was down-regulated in all three kinds of knockout mice (Fig. 5A) , suggesting that Cldn3 is a common target gene regulated by AR, Rb, Arid4a, and Arid4b. In addition, three more putative AR-regulated genes, including prostaglandin D2 synthase (Ptgds), inhibin alpha (Inha), and embigin (Emb), were also identified in our microarray analysis. In both Arid4a
−/−
Arid4b
+/− testes and Sertoli cell-specific AR knockout testes, Ptgds was down-regulated, whereas Inha and Emb were up-regulated (Fig. 5A) .
Importantly, quantitative RT-PCR (qRT-PCR) analyses confirmed decreased expression of Cldn3 and Ptgds, as well as increased expression of Inha and Emb, in the Arid4a −/− Arid4b +/− testes (Fig. 5B) . In all cases, the expression levels of AR and Rb from the Arid4a −/− Arid4b +/− testes were comparable to that from the wild-type controls (Fig. S2, D and E) , suggesting that the effects are not due to insufficiency of AR or RB.
ARID4A and ARID4B Function as Coactivators of AR and RB. Given that Cldn3 is commonly regulated by Arid4a, Arid4b, Rb, and AR (Fig. 5A) , we investigated whether ARID4A and ARID4B collaborate with RB or AR to regulate expression of Cldn3. For this purpose, a reporter plasmid containing the promoter fragment of Cldn3 (from −972 to +229 bp) was used for luciferase reporter gene assays. We performed transient transfection experiments combined with luciferase activity analyses in the testis Sertoli cell line TM4. Whereas transfection of RB activated the Cldn3 promoter (Fig. 6A, columns 1 and 2) , transfection of ARID4A or ARID4B alone or ARID4A and ARID4B combined without cotransfection of RB did not have significant effects on the Cldn3 promoter (Fig. 6A, columns 1, 3, 5, and 7) . Interesting, cotransfection of ARID4A or ARID4B alone with RB slightly increased the RB-induced activation of Cldn3 (Fig. 6A, columns 2, 4, and 6) , and both ARID4A and ARID4B combined enhanced the upregulation (Fig. 6A, columns 2, 4, 6, and 8) . These results suggest that ARID4A and ARID4B regulate expression of Cldn3 by acting as positive coregulators for RB.
Given that ARID4A and ARID4B are two RB-binding related proteins (13, 14) and that RB has been reported to specifically bind to AR (11), we examined whether ARID4A and ARID4B interact with AR. Coimmunoprecipitation combined with Western blotting analyses in the TM4 cells clearly showed that both ARID4A and ARID4B can be coimmunoprecipitated with AR even in the absence of AR agonist R1881, and treatment of R1881 did not enhance their interactions (Fig. 6B) . These ligandindependent interactions of ARID4A and ARID4B with AR are similar to the reported ligand-independent interaction between RB and AR (11) .
Because expression of Cldn3 is also regulated by AR (10, 21, 22) , the interaction of ARID4A and ARID4B with AR led us to examine whether ARID4A and ARID4B are involved in the AR-induced transcriptional activation of Cldn3. Our results showed that the Cldn3 promoter was activated by AR in a ligand R1881-dependent manner in the TM4 cells (Fig. 6C , columns 1 and 2), and cotransfection of either Arid4a or Arid4b alone with AR increased the activation of the Cldn3 promoter (Fig. 6C,  columns 2, 4, and 6 ). In addition, cotransfection of both Arid4a and Arid4b combined with AR further enhanced this up-regulation (Fig. 6C, columns 2 ARID4A and ARID4B function as coactivators for AR in activation of Cldn3. Next, we determined whether knockdown of endogenous Arid4a and Arid4b by siRNA affects the ability of AR to activate the Cldn3 promoter. Our results showed that, whereas knockdown of either Arid4a or Arid4b slightly reduced the AR activity on the Cldn3 promoter (Fig. 6D, columns 2, 4, and 6 ), knockdown of both combined further inhibited the AR-induced activation of Cldn3 (Fig. 6D, columns 2, 4, 6, and 8) . In all cases, knockdown of Arid4a and Arid4b by siRNA was verified by qRT-PCR analyses (Fig. S3) . Together, our results suggest that ARID4A and ARID4B contribute to the optimal expression of Cldn3 by functioning as positive coregulators in the context of the AR and RB complex. ARID4A and ARID4B Regulate the Permeability of the Blood-Testis
Barrier. Study of the mouse models carrying the Arid4a and/or Arid4b knockout mutations showed that expression of Cldn3 was partially decreased in the Arid4a −/− testes (Fig. S4) , but was markedly reduced in the Arid4a −/− Arid4b +/− testes ( Fig. 5B and Fig. S4 ), suggesting that Arid4a and Arid4b collaborate to regulate expression of Cldn3. The severe down-regulation of Cldn3 in the Arid4a −/− Arid4b +/− testes was further verified at the protein level by Western blotting assay (Fig. 6E) .
Cldn3 encodes a tight junction component of the blood-testis barrier (10) . Down-regulation of Cldn3 has been reported to be related to increased permeability of the blood-testis barrier in the Sertoli cell-specific AR knockout mice (10) and the Sertoli cell-specific Rb knockout mice (12) . To examine whether the integrity of the blood-testis barrier was compromised in the Arid4a
+/− mice, we injected a biotin tracer into the testis interstitium of 3-mo-old mice and monitored the location of the biotin tracer. In wild-type mice, the biotin tracer remained in the basal compartment and was excluded from the adluminal compartment of seminiferous tubules (Fig. 6F) . In contrast, the biotin tracer was present in the adluminal compartment and pervaded the tubules of the Arid4a (Fig. 6F) , indicating increased permeability of the blood-testis barrier. This result suggests that the integrity of the blood-testis barrier was impaired in the Arid4a
+/− testes. Together, the Arid4a
Arid4b +/− mice recapitulated Sertoli cell dysfunction, including spermatogenic failures (Figs. 3 and 4 ) and the impaired blood-testis barrier (Fig. 6F ).
Discussion
In this study, we characterized the Arid4a and Arid4b knockout mouse models and identified their previously unrecognized roles in male reproduction. We demonstrated that haploinsufficiency of Arid4b in combination with complete deficiency for Arid4a leads to progressive loss of fertility in the Arid4a
males, but the presence of two functional copies of Arid4a and/or Arid4b is sufficient to maintain normal fertility in the Arid4a
or Arid4a +/− Arid4b +/− males. This genetic interaction study suggests that these two homologous Arid4 genes are functionally redundant in the control of male fertility. Because mice homozygous for Arid4b deficiency die at early embryonic stages (17), we analyzed the available conventional knockout mutants with triple allelic mutations (Arid4a
). If the gene dosage effect of Arid4a and Arid4b plays a role in progressive loss of male fertility, the complete loss-of-function phenotypes could be revealed only when the final Arid4b wild-type allele is removed. To circumvent embryonic lethality and to completely remove Arid4b function, we are working on generation of a conditional Arid4b knockout mice line. We expect that mice with all four Arid4 alleles mutated (Arid4a
) might display an early and complete loss of male fertility.
Infertility in the Sertoli cell-specific Rb mutant males is also progressive (12) . RB is not essential for initial maturation of Sertoli cells, but is important in maintaining mature Sertoli cell function, which includes maintenance of maturing germ cells and the blood-testis barrier (12) . ARID4A and ARID4B are two RB-binding related proteins (13, 14) . In this study, our results suggested that ARID4A and ARID4B are involved in the RB pathways to control male fertility. Complete deficiency of Arid4a combined with haploinsufficiency deficiency of Arid4b might affect RB function in Sertoli cells, leading to progressive loss of male fertility.
ARID4A and ARID4B are critical for physiological function of Sertoli cells, which supports spermatogenesis and maintains the impermeable blood-testis barrier, leading to normal male fertility. The phenotypes of the Arid4a −/− Arid4b +/− mice, including spermatogenic failures and increased permeability of the blood-testis barrier, are strikingly similar to that found in the Sertoli cell-specific AR knockout mice and the Sertoli cell-specific RB knockout mice. Investigation into the molecular mechanism identified several genes as common targets of AR, RB, ARID4A, and ARID4B. As two RB-binding related proteins, ARID4A and ARID4B also interact with AR and function as transcriptional coactivators for AR and RB. Our results link ARID4A and ARID4B to the AR and RB pathways, suggesting a mechanism by which ARID4A and ARID4B control male fertility.
Materials and Methods
Mouse Lines. Arid4a null (Arid4a ) have been described previously (17) .
Male Fertility Analysis. Two-month-old males with different Arid4a and Arid4b genotypes were set up for mating with two adult wild-type females and were housed together. Percentages of fertile males and litter size (number of pups) were recorded over a 10-mo period.
